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Resumo
Manganês é um elemento com comportamento magnético muito dependente de sua
estrutura cristalina, e quando levado a baixa dimensionalidade apresenta diversos esta-
dos magnéticos posśıveis. O objetivo desse trabalho foi obter nanoestruturas de Mn com
morfologia e distribuição controladas. Investigamos experimentalmente o crescimento de
nanoestruturas de Mn sobre uma superf́ıcie de Cr(100). O crescimento foi realizado por
epitaxia de feixe molecular (MBE, molecular beam epitaxy) e caracterizado principal-
mente através de microscopia de varredura de tunelamento eletrônico (STM, scanning
tunneling microscopy). O substrato foi preparado de forma a obter terraços atômicos
livres de impurezas através de bombardeamento iônico (sputtering) e recozimento sob
condições de ultra-alto-vácuo. Otimizamos os parâmetros de tratamento da superf́ıcie
do substrato de Cr de modo a conseguir terraços atômicos com áreas da ordem de 100
nm2. Dependendo do estado inicial do substrato, observa-se part́ıculas grandes (∼100 nm)
de contaminantes, e estas são quebradas em agregados menores pelos primeiros ciclos de
tratamento. Encontramos que contaminantes (oxigênio, nitrogênio e carbono) chegaram
à menor concentração encontrada até mesmo em um único ciclo, possivelmente limitada
pela pressão de gás residual no sistema. Crescemos 0,5 e 0,07 camadas atômicas de Mn
sobre o substrato preparado e observamos a formação de nanoestruturas no formato de
ilhas. Para a meia monocamada de Mn, observamos nanoestruturas com uma ou duas
camadas atômicas de espessura, e áreas em torno de 10 nm2. Para as mais finas, de 0,07
monocamada, o tamanho médio foi 3,6 nm2, com vários agregados de poucos átomos de
Mn.
Palavras-chave: Manganês; Cromo; Nanoestrutura; Microscopia de tunelamento de
elétrons
Abstract
Manganese is an element whose magnetic behavior is very dependent of its crystalline
structure, and when taken to low dimensionality presents many possible magnetic states.
The objective of this work was to obtain Mn nanostructures with controlled morphology
and distribution. We investigated experimentally the growth of Mn nanostructures on
a Cr(100) surface. The growth was performed by molecular beam epitaxy (MBE) and
characterized mainly by scanning tunneling microscopy (STM). The substrate was pre-
pared as to obtain impurity-free atomic terraces through ion bombardment (sputtering)
and annealing under ultra-high-vacuum conditions. We optimized surface treatment pa-
rameters for the substrate to achieve atomic terraces with areas in the order of 100 nm2.
Depending on the initial state of the substrate, large (∼100 nm) particles of contami-
nants can be observed, and these are broken down in smaller clusters by the first cycles
of treatment. We found that the different residual contaminants (oxigen, nitrogen and
carbon) reached the smallest concentration found in as little as one cycle, possibly limited
by residual gas pressure in the system. We grew 0.5 and 0.07 atomic layers of Mn over
the prepared substrate and observed formation of island-shaped nanostructures. For the
half-monolayer of Mn, we observed nanostructures one or two atomic layers high, with
average areas around 10 nm2. For the thinner, 0.07 monolayer, the average size was 3.6
nm2, with several clusters of a few Mn atoms.
Keywords: Manganese; Chromium; Nanostructures; Scanning tunneling microscopy
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Magnetic recording has seen a swift evolution in the last five decades due to nanomag-
netism. The search for higher information storage densities demanded intense study of the
properties of small magnetic particles and thin films, which are part of hard disk platters
and magnetic read heads. The field of spintronics has also been in rapid expansion, and
seeks to apply the knowledge of nanomagnetism to devices [1]. The strong dependence of
magnetic properties with size in those systems can make them very difficult to study, since
even atomic defects may drastically change their properties when their sizes approach the
order of Å. An example of that strong dependence with size can be seen in reference
[2], where the easy magnetization axis lies in the plane perpendicular to the long axis
of atomically thin Co nanoribbons and its direction does not change monotonically with
nanoribbon width, specially when going from 1 to 2 and 3 atoms wide. The technological
advances made possible by nanomagnetism would have hardly gone so far without much
dedication to a fundamental understanding of the magnetic phenomena in the nanoscopic
scale, and there is much yet to understand.
Size effects in Mn two-dimensional systems can cause the stabilization of various pos-
sible phases as in calculations by Dennler and Hafner [3], where atomically-thin Mn films
over W surfaces were simulated and showed both ferromagnetic and antiferromagnetic
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states depending on number of Mn layers or substrate surface orientation, owing pri-
marily to a strong Mn-W hybridization. It should be noted that ferromagnetism in Mn
is unusual, having a tendency to antiferromagnetism in its most common phases. In
[3] is still found that the large strain introduced by a lattice mismatch over 10% allows
Mn to present magnetic moments in excess of 3 µB. While a non-magnetic substrate
makes it simpler to observe the complex magnetism of Mn, Yonamoto et al [4] studied
the changes in magnetism and electronic structure on a Mn/Co(100) interface as it is
exposed to O, being able to propose mechanisms for how the charge transfer changes the
overlayer-substrate coupling from ferromagnetic to antiferromagnetic as a result of oxida-
tion. While the preceding examples consist of Mn deposition on both paramagnetic and
ferromagnetic substrates, to our knowledge so far there are no studies about the effect
of an antiferromagnetic substrate on the properties of Mn nanostructures. Chromium is
antiferromagnetic at room temperature and can show very complex behaviour as well,
but under some conditions the spins are parallel layer by layer, such that the surface
can have spins all pointing in the same direction [5]. This could be compared with the
similar interface between a Mn layer over a Co(001) surface shown in [4], which obtains
a ferromagnetic Mn-Co coupling in the unoxidized case when the adjacent Co layer has
its spins lined in a single direction, as well as its deeper layers. On the other hand Cr
could have spins in one direction in the surface layer but alternating spin directions in
the deeper ones.
In the case of Mn thin films radical changes of their magnetic properties were observed
depending on several parameters [4, 6–8]. Just as the reduction of dimensionality from
bulk to surfaces allowed many more possibilities such as different coordination numbers
and heterostructure geometries, so can the study of nanostructures expand on the under-
standing of the transitions these complex systems suffer as their sizes and shapes change.
For example, a theoretical work predicted unusual spin structures in linear Mn chains on
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Au(111) and Ag(111) substrates, configurations such as spin spiral and other non-collinear
ones, exemplified in figure 1.1. With that approach they are also able to calculate the
Bloch spectral function of those Mn chains [9], which is directly related to the electronic
structure of the system, which could then be compared with the magnetic structure to
analyze the influence one has on the other.
Seeing as many variables are at play in surface magnetism and the properties depend
strongly on the morphology of the system, the study of magnetic nanostructures supported
on a substrate must be preceded by careful investigation of substrate treatment and
structure growth. For systems of dimensionality yet lower than two, good control must
also be achieved on the uniformity of structures if an area-averaging probe is used, such
as X-rays on some spectroscopies, or electron beams in Low Energy Electron Diffraction
(LEED), for example, which depends on the directions of each nanostructure.
Figure 1.1: Results on spin structures predicted for Mn linear chains on a Au(111) sub-
strate. Source: Cardias, 2016 [9]
The challenge involved here is to create nanostructure arrays large enough to be de-
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tected and distinguished from the background signal of an experiment and yet with few
enough defects for it to present properties of a low-dimensionality material. Popular
lithography methods are usually not capable of controlling the amount of defects on an
atomic scale, and a bottom-up approach such as building structures atom by atom would
take an unrealistic amount of time. One promising route is that of self-organization, in
which the nanostructure element is deposited on a suitable substrate and treated to a tem-
perature which allows them to diffuse on the surface and stop only at the desired surface
features, then uniformity across large areas can be achieved if the density of other surface
defects is correspondingly low. Fig. 1.2 shows an example of self-organization where the
desired features are monoatomic steps, in one case (1.2 a ) producing linear atomic chains
several atoms long, and in the other (1.2 b ) with less uniform linear structures where the
width is not as well-defined. If a substrate can be made clean and well-organized enough,
and this heat treatment can be developed, it is possible to obtain nanostructures ordered
enough to be studied with standard surface science techniques [2].
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Figure 1.2: Comparison between a) one-atom-thick, low-defect nanowires and b) thicker,
less regular nanowires. Both were obtained by self-organization on atomic steps. Sources:
a) Gambardella, 2002[10], b) Shiraki, 2004[11]
1.1 Objectives
While planning to study the properties of Mn nanostructures we find that one must be
able to produce the samples in situ, i.e. in the same ultra-high-vacuum system where the
characterization will be carried out, for exposure of the sample surface to the atmosphere
would create a layer of impurities which probably can’t be removed without disturbing
the fragile order of the nanostructures.
The objective of this work was to obtain the optimal conditions to grow Mn nanos-
tructures on Cr(100) substrates. This objective can be broken down in two main steps,
namely:
• To find parameters to condition the Cr(100) substrate in such a way as to obtain
a surface as clean as possible, with large terraces separated by monoatomic steps.
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Important considering Cr substrates are known to be difficult to prepare [12–14].
• To grow homogeneous Mn nanostructures on the Cr(100) substrate. Such structures
should have controllable average size and a narrow distribution of dimensions and
shapes.
As discussed in section 4 such results can be used in future works to investigate the




In this chapter we describe the materials studied in this work and the experimental
techniques involved.
2.1 Materials
In the introduction we presented some examples of the variety of magnetic properties
for Mn and Cr, also showing how their complex structure-property relations change with
dimensionality. In this section we briefly describe some general properties of these ele-
ments and then focus on structural properties which must be taken into account when
studying the growth of one material on the other.
2.1.1 Manganese (Mn) nanostructures
Manganese (Mn) is the chemical element of number 25, a 3d transition metal with
5 unpaired electrons in its d orbital and a filled 4s orbital. It is paramagnetic at room
temperature and has a Nèel temperature of about - 173 ◦C. Its melting point is at 1246
◦C and boiling point at 2061 ◦C [15]. The stable phase of bulk Mn at room temperature
is α-Mn, which has a complex structure with lattice parameter of almost 9 Å, with 58
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atoms in the unit cell [16]. The elements to its sides in the periodic table are chromium
(Cr), which is antiferromagnetic at room temperature, and iron (Fe), ferromagnetic at
room temperature. This suggests a borderline behavior for Mn, intuitively directing to
it the search for the mechanisms that cause different magnetic orderings. In fact, non-
conventional spin structures have been found for Mn ultra-thin films on Ag(111) [17],
and the growth of Mn films on body-centered cubic (bcc) substrates such as V, Cr, Fe,
produces tetragonally distorted Mn films whose magnetic properties are influenced by
the modified atomic volume as well as by the coupling with the substrate [18]. The δ-Mn
phase, bcc phase with lattice parameter 0.295 nm and stable between 1133 ◦C and the Mn
melting point of 1246 ◦C has a structure similar to the bcc substrates cited above and is
comparable to the ultra-thin Mn films on them. The in-plane Mn lattice parameter in the
few first atomic layers is the same as that of the substrate, and its misfit compared to the
delta-Mn phase may determine its magnetic phase, for example low-spin ferromagnetic
for when strained by 3% and antiferromagnetic if strained by more than 8% [19]. This in-
plane misfit leads to a tetragonal distortion of the Mn film, for example when deposited on
a Fe(100) substrate, which has a 0.287 nm lattice parameter [15], Yamada et al [20] found
an out-of-plane lattice parameter 1.11 times the in-plane one. Since Cr has structure and
lattice parameter similar to those of Fe we would expect Mn to grow similarly, taking the
same in-plane structure, without reconstructions, but possibly with tetragonal distortion.
2.1.2 Chromium (Cr) substrate
Cr is the element of atomic number 24, like Mn it has 5 unpaired electrons in it’s 3d
subshell but, unlike Mn, a single electron on the 4s one. At room temperature Cr in the
metallic state has a bcc crystal structure with 0.2882 nm lattice parameter. Its melting
point is at 1907 ◦C [15]. From section 2.1.1 one may see the δ-Mn films would be strained
by 2.2% on this surface.
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Cr single crystals have been found to segregate large quantities of contaminants
(mainly N) from its bulk to the surface during substrate treatment, thus making that
a challenging endeavor[12–14]. However, as we will show in section 3.2 on Mn deposi-
tion, it was possible to reduce the surface contamination enough to at least distinguish
between impurities and the deposited Mn, and that being solely done with sputtering and
annealing cycles, method described in section 2.2.1.
For compatibility with our equipment we projected and built a different sample-holder
for the Cr(100) substrate, and both the new sample-holder and substrate were cleaned
in ultrasonic bath, first in acetone, then in isopropanol, before mounting and placing in
the vacuum system. The ensemble was then degassed with the electron beam heater (e-
beam) at around 300 ◦C for over two hours, then at around 500 ◦C for another hour. A
photograph taken during that process is shown in fig. 2.1
Figure 2.1: Photograph of the Cr(100) substrate in its custom sample-holder being de-
gassed at the annealing position in the SPM chamber.
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2.1.3 Mn + Cr
One care that must be taken when choosing a substrate is the solubility of the material
to be deposited in the substrate material. If the two materials easily form a solid solution
and the deposited material diffuses into the substrate it finds there a stable state. In
that case, the usual sputtering and annealing cycles (section 2.2.1) may be incapable of
completely removing the deposited material mixed in the bulk. According to the phase
diagram from figure 2.2 Mn is very soluble in the Cr bulk, which may consist of 20 at.%
of Mn before a new phase is formed. However, according to Ruban et al [21] Mn adatoms
on a Cr surface have a slightly positive segregation energy, meaning they tend to travel to
the Cr surface instead of staying in the bulk. But since that energy is small we avoided
leaving the Mn on the Cr substrate for several days or heating it above room temperature.
20




In order to obtain nanostructures as regular as needed the substrate must have a high
level of uniformity before depositing them. For example, during the substrate condi-
tioning one looks for uniformely distributed terraces, minimum defect density and same
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orientation along the surface.
A factor which influences the defect density is the presence of impurities on the surface.
Usually a metallic surface will only stay clean for hours if kept under ultra-high-vacuum
(pressures ∼10−10 mbar), where the frequency with which residual gas particles collide with
the surface is very low. Since before being put under ultra-high-vacuum the metal will
be exposed to the atmosphere, it will have at first a layer of impurities such as oxygen,
carbon, water and others. Some contaminants desorb spontaneously when the air is
removed from around the metal, some will stay adsorbed and others may have chemically
reacted with it, forming oxides, for example. To remove the superficial impurity layer we
used a procedure commonly referred to as sputtering, where the surface is attacked with
accelerated ions (fig. 2.3 a ). This procedure will be discussed in section 2.2.1.
Simply removing atoms from the substrate’s surface does not guarantee it will become
ordered. On the contrary, after a sputtering session it becomes rough and disordered (fig.
2.3 b ). For the surface to recrystallize its atoms must be given enough energy to move and
reorganize. That is usually achieved by heating the substrate, maintaining a temperature
high enough that the atoms can move and low enough not to allow a reconstruction
different from the one wanted. This process, called annealing will be discussed shortly.
However, during the annealing impurities from the bulk also diffuse through the material,
and the surface represents a barrier when they reach it, such that given enough time a
higher concentration of impurities will take place near the surface (fig. 2.3 c ). The cycle
must then be repeated from the sputtering until the intensity of the cycles can be made
low enough for few impurities to segregate to the surface at the annealing and leave a
clean, flat surface.
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Figure 2.3: Illustration of the sputtering-annealing cycles. a) Sputtering process for
surface cleaning. b) Increased surface roughness after a sputtering. c) Flat surface after
annealing but with segregated bulk impurities. Sputtering-annealing treatments usually
consist of many of these cycles.
Sputtering for surface cleaning
The ion source (or ion gun) used in this project consists of a filament (cathode) around
a cylindrical cage (anode), and that region is filled with a pressure around 10−5 mbar of
an inert gas, Ar in our case. The ion gun is illustrated in figure 2.4. The filament is heated
resistively and a 120 V tension is applied between it and the anode so that electrons leave
the filament by thermionic emission and are accelerated towards the anode cage, most of
them passing through its gaps and entering the ionization region. There the electrons will
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ionize the inert gas molecules, and an applied potential difference of up to 5 kV between
the ionization region and the sample accelerates the ions through a small opening in the
source directing them to the sample. The accelerated ions will have enough energy to
eject atoms and particles from the sample surface in a process called sputtering, in this
case used to clean the surface of contaminants such as adsorbed atoms, and to disrupt
unwanted grains or facets. The ions reaching the sample establish a measurable current
in the order of µA. That current is called sputtering current IS and is dependent on an
interplay of multiple variables: the ion energy, the Ar pressure in the ionization region,
the emission current between cathode and anode, sample position relative to the source
among others.
Figure 2.4: a) Ion gun schematic showing the ionizer housing with filament, anode cage,
beam exit opening and Ar gas entrance indicated. The Ar gas enters the chamber only
through the ionizer. b) Photograph of ion gun in operation in the MBE chamber during
sputtering of Cr(100) substrate.
In our setup, increasing the ion energy, Ar pressure or emission current usually in-
creases the sputtering current. Most often our interest is in keeping a constant energy
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and sputtering current, and for that we controlled Ar gas pressure throughout each sput-
tering session. To make sure the substrate was centered with the ion beam we moved the
sample to a point where the sputtering current was maximum, action which assumes the
ion beam intensity to be symmetrical around its central axis and slowly decreasing with
the distance from it.
Initial sputtering cycles, for example right after placing the substrate in vacuum,
generally should be more aggressive, using higher ion energies and currents. Such cycles
should remove large quantities of atoms from the surface, since it is assumed many of them
will be contaminants. This procedure can even be used to remove several atomic layers of
materials deposited on the substrate. It is possible that contaminants hit by accelerated
ions will recoil and be implanted further in the substrate [23], which could justify longer
sputtering sessions in the beginning of the treatment so that enough material is expelled
to remove most of the implanted contaminants.
In the last sputtering-annealing cycles of the substrate treatment the sputtering should
be less aggressive, as the surface should be fairly organized by then and the intention
would be only to remove the most superficial contaminants. Because of that and other
side effects of this procedure it is important to control some parameters. To reduce
the surface damage and depth of ion implantation the ion energy should be reduced by
applying smaller accelerating potentials[23]. The sputtering current also determines how
aggressive the treatment is, and should be lowered for softer sputterings, which should
slow the erosion process, making it more controllable.
This procedure should not be confused with the deposition technique of same name in
which particles are ejected by ion bombardment as well, but are meant to be deposited
on the sample, and the sputtered object is called a “target”. Another term used for
sputtering as a cleaning procedure is “sputter-cleaning”.
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Annealing
The annealing procedure consists of heating a material to a temperature which will
give its atoms enough mobility to organize in a different configuration, keep it at that
temperature long enough for the configuration to be achieved, and cool it back to room
temperature. The rate of heating and cooling can be essential depending on the objective
and material.
Heating the substrate was done through electron beam heating (e-beam), which con-
sists of accelerating thermionically emitted electrons from a filament to the substrate (fig.
2.5). An emission current in the order of mA is established and the accelerated electrons
deposit their energy on the substrate, causing it to heat. To control the substrate temper-
ature we kept the accelerating high-voltage (HV) constant throughout our experiment and
varied the emission current (Ie) so as to reduce the number of variables in the treatment.
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Figure 2.5: (left) Schematic of e-beam heater showing the filament from which electrons
are thermionically emitted and accelerated towards the sample. The amount of electrons
leaving the filament at any moment gives rise to a current named emission current. (right)
Illustration of the sample preparation setup at the SPM chamber, indicating in particular
the position of the e-beam heater on the sample storage manipulator. Also shown is the
ion gun used for sputtering at that same position.
The substrate temperature was monitored using a pyrometer during most of the treat-
ments. The pyrometer takes blackbody radiation of wavelength 2.3 ± 0.3 µm [24] emitted
by the substrate to calculate its temperature. It takes some parameters for temperature
calibration: the emissivity, related to how intensely a specific surface radiates; and the
transmittance, which depends on the optical path between the probed surface and the
pyrometer, which stays outside the vacuum chamber. The values used were 30% for the
emissivity of a polished Cr surface at 700 ◦C [25] and 70% for the transmittance of the
window on the vacuum chamber, this one based on previous uses on that vacuum system.
The pyrometer was not available in a number of treatments, so we opted to base our
comparisons between annealings on the emission current, which led to reproducible final
temperatures when repeated. Figure 2.6 shows a graph of a few data points of annealing
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emission current versus final temperature and a linear fit of that data.
Figure 2.6: Graph of substrate surface temperature as a function of emission current,
both data points and their linear fit. The pyrometer temperatures were obtained during
annealing procedures after the emission current was kept constant long enough for the
temperature to stabilize.
2.2.2 STM - Scanning Tunneling Microscopy
In this project we study structures in the atomic scale, and the scanning tunneling
microscope (STM) achieves such precision. Since we look for a procedure that generates
a specific morphology (nanostructures) and depends largely on thermodynamics, there
is a good chance the desired structure will be observed even when a larger area probe
such as electron diffraction wouldn’t. Comparing the number of observations of a desired
structure as treatment/growth parameters are varied would allow a systematic approach
to the optimal parameters.
The STM is a type of scanning probe microscopy (SPM), a class of techniques where
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a probe interacts locally with a sample and some results of that interaction are recorded
while the probe scans a region of the sample. In the case of STM the probe is a thin
metallic tip with a very sharp, ideally atomically thin apex which is held very close to
the sample surface and kept at a potential difference in relation to it, this potential be-
ing called the bias or tunneling voltage (fig. 2.7). The space between the sample and
the tip can be made small enough to allow a measurable current of electrons to tunnel
through the vacuum going from one body to the other, as long as the surface is conduc-
tive. The magnitude of that current depends exponentially on the tip-sample distance.
That dependence makes the current a good control parameter to evaluate the tip-sample
distance, mechanism used in a particular imaging mode named constant current mode,
the only one used in this text, in which a Proportional-Integral-Derivative (PID) control
system constantly compares the tunneling current value with a setpoint and varies the
tip position perpendicular to the sample surface (z direction) in the direction that takes
the current to its setpoint value. The position change is based on immediate difference
(proportional), mean difference through time (integral) and instantaneous variation of
the difference (derivative) between measured current and setpoint. The movement of the
STM tip is controlled by piezoelectric transducers, the one used here in particular being
a piezoelectric tube. Four equally spaced electrodes on the side of that tube cause it to
bend when a potential is applied between them, causing a tip displacement almost parallel
to the surface. Electrodes on the tube’s extremities make it expand and contract. Those
movements allow positioning of the tip in three dimensions using only voltages, making
it capable, after careful calibration, of displacements of fractions of Å’s [26].
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Figure 2.7: Illustration of an STM working principle. [Source: Michael Schmid, TU Wien]
In most images in this work the STM constant current images are interpreted as a
topography of the region, but when apparent height differences become smaller than 1
Å the variations in the local density of states (LDOS) can not be dismissed. Not only
the topography interpretation is challenged, the results may vary significantly with the
bias voltage, considering it will determine the amount of states probed, influencing the
magnitude of the tunneling current.
Mechanical stability is an important condition for a microscope. In this project we
used the SPM chamber connected to the ultra-high-vacuum system of the PGM beamline
of the LNLS, that microscope is an SPM Aarhus 150 (fig. 2.8) of the German company
SPECS, model which sacrificed tip positioning in favor of tip stability, strongly limiting
the amount of moving parts on the tip-sample environment, which is a heavy block coupled
to the chamber by a number of springs and rubber bands to isolate as well as possible
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from chamber vibrations.
Figure 2.8: Photograph of the inside of the SPM vacuum chamber from the PGM beam
line in LNLS. Coming from the left can be seen the sample storage and e-beam heating
position. On the background is the SPM block suspended by springs. The two Viton
rubber bands indicated by the red arrows are an extra coupling between SPM block and
chamber for vibration damping control (the other two on the left can not be seen in this
image).
The tip lateral positioning is limited to the fine piezotube movement, which has a
total range of little over 2 µm, which makes it impractical to search for the same position
when returning the sample to the STM after each treatment. For that reason the images
made after different treatments are very unlikely to be from the exact same position.
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Comparisons between substrate treatments are done comparing 2 µm2 regions at the
center of the substrate.
2.2.3 LEED - Low Energy Electron Diffraction
While the STM is a local probe, a technique that probes a macroscopic area is needed
to ensure the homogeneity of the sample surface. Low energy electron diffraction (LEED)
is one such technique, consisting of directing a beam of low-energy electrons (20-200
eV) to the sample and observing the backscattered electrons on a fluorescent screen.
Figure 2.9 shows a schematic of the instrument (a) and an example of LEED image(b).
The diffraction pattern is created by scattering from different positions on the surface,
such that equivalent positions in real space contribute constructively to the scattered
beam intensity in a corresponding point in the reciprocal space[27]. Therefore, the more
equivalent points there are in the sample surface, the more intense and sharp the spots will
be. Depending on the size of the diffraction spots and their symmetry some qualitative
assumptions can be readily made about the organization of the surface atoms. The spots
will be sharper if the surface structure has a more uniform periodicity, and the pattern
symmetry corresponds to the symmetry of the surface structure. The mean free path of
the electrons in the low-energy range is less than 10 Å and is minimum around 70 eV
for many materials [28], which means the probed region is within few atomic layers. As
so, sharp diffraction spots at low energies indicate a very well-ordered top-most atomic
layer, and wide diffraction spots only at higher energies with a diffuse brightness at lower
energies signals a disordered last layer but with some ordering in layers below. This
information allows for a quick qualitative view of surface quality. One of the other surface
structure characteristics LEED can provide is the establishment of surface reconstructions
or other super-cells, such as Moiré patterns, which often arise from a lattice mismatch of
a deposited layer or from adsorbate arrangement[27].
32
Figure 2.9: a) Schematic of a LEED apparatus [source: K. Oura - Surface Science: an
introduction, Springer, 2003 [27]] b)Image of a typical LEED experiment, captured by
a camera directed at the phosphor screen which emits light from spots hit by electrons
scattered by the sample. The square pattern shown is generated by the diffraction of a
beam of 45 eV electrons by the (100) plane-oriented surface of the Cr single crystal used
in this work.
2.2.4 XPS - X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a spectroscopy technique probing the bind-
ing energy of electrons in the surface of a solid and consists of directing an X-ray beam
on a sample surface, collecting the photoemitted electrons and distinguishing them by
their energies (fig. 2.10). In this work the X-ray source produced monochromatized Al kα
radiation, which is formed by photons with 1486.6 eV, therefore enough to eject electrons
from core levels of many elements, which have well-defined energies showing as peaks
on the spectra relating electron count to binding energy. The pattern of peaks can be
compared to the expected for pure elements, accusing then the presence or not of those
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elements on the surface, and the area under each peak can give information on the sample
stoichiometry. In this work the concentration of each element was analyzed qualitatively,
comparing normalized intensities between different measurements.
Figure 2.10: Figure illustrating photoemission and electron detection processes in X-ray
Photoelectron Spectroscopy (XPS)[source: K. Oura, Surface Science [27]]
Considering the inelastic mean free path of electrons with up to 1400 eV is less than
50 Å, this means the majority of electrons detected will have come from at most 50 Å
below the surface, equivalent to about twenty atomic layers of the Cr(100) substrate.
This estimate considers the fact that in our experimental setup the analyzed electrons are
photoemitted in a direction normal to the sample surface.
2.2.5 MBE - Molecular Beam Epitaxy
The objective of this project involves the deposition of around 1/10 of an atomic layer
of Mn on a substrate, which demands a deposition technique capable of extremely low
growth rates. MBE is one such technique, consisting of evaporating a material (called
evaporant) by heating it and directing the resulting beam of atoms/molecules towards the
sample, where they will condense. The evaporant heating in our system is done similarly to
the substrate/sample heating, by e-beam (fig. 2.11). The evaporant is either a rod or put
in a crucible, and a filament surrounds it in the evaporator, but is kept electrically isolated
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from both the evaporant and the ground potential. A high voltage is then applied on the
rod/crucible and the filament is heated until a current of emitted electrons is established
and starts heating the evaporant. The growth rate can be controled by controlling the
evaporant temperature through the e-beam emission current.
Figure 2.11: Schematic of the MBE chamber used in this work (right) with a more detailed
view of the e-beam evaporator (lower left) and a photograph of a partially disassembled
evaporator, with the evaporants and filaments exposed(top left). The manipulator shown
has 3 translation degrees of freedom, can be rotated around the manipulator axis and
around the center of the sample region. The quartz crystal microbalance is not pictured
in this schematic, as well as the sample e-beam heater situated below the sample.
Before evaporating a material onto a sample the deposition rate is calibrated using a
quartz microbalance (fig: 2.12). The quartz crystal on the microbalance has a resonating
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frequency in the order of MHz which is measured with precision down to fractions of a
Hz. That frequency changes when material is deposited on it in a way that its mass can
be calculated. The quartz microbalance is placed in the exact same position the sample
will be during deposition and the evaporant is heated by raising the e-beam emission
current until the frequency reading starts to drop, then the resonating frequency change
after some deposition time can be directly related to the amount of material that would
be deposited on a sample in that time for that emission current. That rate of material
deposition per time is usually obtained in units of Å/min from the balance, but in this
work we converted the rates into the ML/min (monolayers per minute) unit. The ML
unit is dependent on the substrate geometry, substrate density and evaporant density,
because the monolayer is defined as the amount of atoms that would completely occupy
the surface sites of the substrate forming a single closely packed atomic layer with the
same structure as the surface.
Figure 2.12: Schematic of quartz microballance and oscilator (left) and illustrative graph




The results presented in this chapter consist of STM images, LEED patterns, XPS
spectra and parameters for the different procedures (sputtering, annealing, deposition).
We begin with an analysis of the Cr(100) substrate treatment, first by comparing STM
images before and after some steps then comparing STM, LEED and XPS results in
relation to treatment parameters, including finally the results of deposition of Mn on the
treated surface.
3.1 Cr(100) substrate treatment
We began the substrate treatment with soft sputtering and annealing cycles at first
but increasingly aggressive and obtained STM images between each cleaning procedure.
We then switched to cycle sequences starting with aggressive treatments and evolving to
softer ones seeking increasingly clean and smooth surfaces and eventually large, atomically
flat terraces.
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3.1.1 STM images before and after treatments
Before the Cr(100) was first put into the vacuum system we analyzed its surface using
Atomic Force Microscopy (AFM), images shown in fig. 3.1. Evaluation of the initial
surface condition is important for a better choice of the first treatment cycles, and in our
case it shows few peaks of height over 100 nm and valleys of around 20 nm but a large
part of the surface has a height variation between 10 and 20 nm. Since most of the surface
has corrugation below 50 nm we believe it should be possible to eventually achieve an
atomically flat surface on regions of over a few tens of nanometers.
Figure 3.1: Atomic Force Microscopy images of the Cr(100) surface before sample was put
into the vacuum system. Graphs under each image are the profiles along the lines traced
on the images. a) 10 x 10 µm2 region, b) 20 x 20 µm2 region. RMS (Root-Mean-Square)
roughness was 9 nm.
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On figure 3.2 we show STM images acquired after each of the three first sputtering
sessions after the crystal was brought into the vacuum system. The image in 3.2 a)
was obtained before the first sputtering and, considering the expected surface oxide layer
from being exposed to the atmosphere, having been able to stabilize a tunneling current
suggests that, if it exists, it is thin enough to allow a measurable tunneling current to
the metallic Cr. The first sputtering sessions (images b-c) seem to increase the surface
roughness, as expected, but we also found almost parallel ridges around 2 nm apart along
most of the images obtained, usually extending in the same direction. This may be due to
preferential sputtering of some surface sites, possibly initiating from impurities. On image
3.2 b) the disperse clusters seen as white shapeless spots are likely impurities, possibly
constituting larger particles and then broken down by the treatment. However, in the
STM sessions in which images 3.2 c) and d) were acquired we did not observe disperse
clusters as in b), but larger ones. This may be related to the annealings between them,
which could have coalesced the impurities in a way these sputtering energies were not
enough to disperse.
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Figure 3.2: STM images obtained shortly after each of the first three sputtering treatments
on the Cr(100) crystal. Between each sputtering and the next the substrate was annealed
with emission currents at most 6.15 mA. a) Before the first sputtering (tunneling current
It = 300 pA, bias voltage V = +2.5 V), b) After a first sputtering with E = 1 keV, Is =
0.6 µA, 15 minutes (It = 50 pA, V = +18 mV). c) After the second sputtering, where E
= 1 keV, Is = 1.2 µA, 15 minutes (It = 100 pA, V = +4.9 V). d) After a few different
annealings and another sputtering session, here E = 1.5 keV, Is = 1.2 µA, 15 minutes (It
= 70 pA, V = +1.2 V)
The desired effect of a sputtering is to eject contaminants and break unwanted bonds,
physically modifying the surface. While that is not yet seen in the treatment above, in
figure 3.3 we show such a surface. While softer sputterings may create that sort of disorder
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in a smaller scale, to effectively dismantle structures protruding up to 10 nm out of the
surface the sputterings and annealings must be more energetic.
Figure 3.3: STM images of Cr(100) a)before (It = 20 pA, V = +2.3 V) and b)after (It =
50 pA, V = +200 mV) a sputtering using 2 keV ions and Is = 1 µA. In this case the ridges
that had persisted through 3 different sputtering sessions became harder to find on the
surface, giving place to smaller, more circular grains. Larger clusters of foreign materials
are also expected to break apart and either be ejected or dispersed on the surface as
smaller clusters.
On figure 3.4 the effect of an annealing on the larger surface impurities seen on fig 3.2
b) is found to be different from its effect on the ridge-like structures. We found less but
larger clusters of the unknown material on the substrate. Their height of little over 10 nm
remained the same, but they seemed to coalesce in larger clusters, leaving uncovered large
areas with much smaller roughness, circa 3 nm. This suggests the temperature reached
in this annealing may be sufficient to induce diffusion of the contaminants on the surface
but not to cause the Cr(100) surface to reorganize. That would indicate those ridge-like
structures are at least more stable than the Cr-impurity bonds.
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Figure 3.4: STM images a) before (It = 50 pA, V = +18 mV) and b) after (It = 70 pA,
V = +600 mV) the first annealing of the Cr(100) crystal after being put under vacuum.
Annealing parameters were Ie = 5mA, 500 V and 10 min duration. As in these images the
ridge-like structures seemed to remain, but contamination clusters were found less often.
A set of STM images illustrating the Cr(100) surface evolution when submitted to
successive annealings is shown in fig. 3.5. The first image shows a surface already quite
flat, and not much difference is seen until the last image, where some periodic structures
can be seen, but seemingly formed on the facets of grains around 10 nm wide. If that sort
of change was only reached when the emission current was taken to 7.7 mA, the highest
emission current in that sequence, it can be inferred that to coalesce the different grains
seen in these images it would take an even higher current, or at least an annealing time
longer than the 13 minutes used here.
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Figure 3.5: STM images of the Cr(100) surface after a 1.5 keV, 1.2 µA, 15 min sputtering
and 1 to 4 annealings without further sputtering between them. In all annealings the
e-beam high voltage was 800 V a) Before the first annealing (It = 70 pA, V = +1.2 V),
b) after a 6.15 mA, 10 min annealing (It = 90 pA, V = +1.2 V), c) after a 7.25 mA, 5
min annealing (It = 50 pA, V = +700 mV), d) after a 6.9 mA, 8 min annealing (It = 50
pA, V = +2.3 V) and e) 7.7 mA, 13 min annealing (It = 90 pA, V = +400 mV), here
some very small steps (∼1 Å tall) can be found. However, they seem to be not all in the
same direction, possibly belonging to different crystal planes. This may be the result of
excessively soft sputterings and annealings, which left the surface rough in a larger scale
but the grains’ faces ordered.
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A more successful annealing is shown in figure 3.6 which, even after a sputtering with
one of the highest energies and currents we can reach, produced large atomic terraces. In
the upper left corner of the image, though, a 30-nanometer-high structure was excluded
from the color map to allow contrast between atomic terraces. This illustrates that
such ordered surface might be an exception along the surface, which may have taller
structures. Still it shows how that annealing was capable of ordering part of the surface
and is therefore a promising set of parameters to be used repeatedly along many cycles,
of which the sputterings should lower the average height of tallest structures until a point
where such an annealing would be able to close the gap between them. Alternatively, an
even more intense annealing may be capable of collapsing the taller structures.
Figure 3.6: STM image (It = 50 pA, V = +1.0 V) of Cr(100) surface after strong sput-
tering and annealing shortly after the sample was exposed to atmospheric pressure and
reintroduced in vacuum. Parameters were, for the sputtering: E = 3.0 keV, Is = 10 µA,
time = 60 minutes; and for the annealing: Ie = 8 mA, HV = 800 V, time = 30 minutes.
The emission current in the annealing was slowly ramped at a rate of 0.1 mA/min both
when increasing and decreasing it. The terraces are seen to be larger than most others
obtained during this work.
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3.1.2 Comparison between LEED and STM results
The evolution of the surface throughout a series of treatment cycles was analysed by
LEED and STM, these images are shown in figure 3.7. For this series the substrate was
treated with medium energy sputterings and medium to low emission annealings, but
with relatively large sputtering currents. As discussed earlier, annealings with emission
currents below 8 mA seemed to have little effect on rougher surfaces, so the currents of 6
mA and below in treatments c-d may improve the sharpness of LEED spots by creating
many small (100) oriented terraces even if large height variations are still present. An
unintuitive result was that of LEED spots getting sharper even though the STM images
show apparently disorganized or reconstructed surface, and in the final image, where
monoatomic steps are again visible, the LEED spots widen. This could be explained
considering the small area scanned by STM, which may not have been a representative
picture of the surface morphology, while the LEED shows an average of a relatively large
area. If only the LEED images and treatment parameters are taken in consideration, the
widening from c) to d) may be explained by noting the energies of the sputterings are
enough to roughen the surface and the currents and sputtering times are also quite large,
and yet the last annealing emission current is one of the lowest in this work, possibly
failing to create better ordering within terraces.
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Figure 3.7: LEED (left) and STM (middle) images after different treatment cycles, of
which the parameters are shown on the right, the bottom-most parameters besides each
pair of images are from the last cycle before the images were taken. Electron beam energy
for the LEEDs were 55 eV with exception of a), because for energies lower than 100 eV
the spots were not visible.
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Figure 3.8: Typical XPS survey spectrum of the Cr(100) surface after several treatment
cycles. The main contaminants observed were oxygen, nitrogen and carbon, on which
further XPS spectra will be focused. From the argon peaks it can be inferred that it is
being implanted heavily in the sputtering treatments. This spectrum in particular was
taken after one of the tested treatments consisting of 5 sputtering-annealing cycles using
annealing emission currents equal to or smaller than 6 mA.
3.1.3 XPS contaminant analysis
Since the concentration of contaminants on the surface influences the way deposited
atoms will organize on it, one of the properties we seeked before depositing Mn on the
Cr(100) substrate was a lower concentration of contaminants. In the XPS survey spectra
(fig. 3.8) the detected peaks were only those of Cr, O, N, Ar and C, possibly also Fe, but
its binding energies are very close to some of Cr’s, so we may have mistaken Cr satellite
peaks for Fe. However, the elements which suffered appreciable change in peak intensity
were mainly C, O, N and Ar.
Our XPS investigation of contaminant species concentrations (figs. 3.9 and 3.10)
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shows qualitative differences between the spectra before and after given series of sputter-
annealing cycles. For that analysis all the core-level spectra were normalized as 100 at
the Cr 2p3/2 peak of the respective measurement session and the bottom curve in the
graphs represent the subtraction of the “after” spectrum from the “before” one, so that
a decrease in contaminant peak intensity with the treatment, for example, will be shown
by a downwards peak on the “difference” curve. On fig. 3.9 the importance of the
initial condition before a treatment is illustrated. The treatment shown uses sputtering
energies and annealing currents similar to those on fig. 3.10 a), on which little change in
contaminant concentration is observed, and yet there is a significant decrease in C and
O contamination. Noting that in fig. 3.9 the intensity scale is roughly twice as large
as the ones in fig. 3.10 we notice the contaminant peak intensities were also roughly
twice those of the latter, which we may interpret as a larger contaminant concentration
before the treatment in fig. 3.9. A larger initial concentration of contaminants, or a larger
coverage of them over the surface, may be the cause of this steeper decrease in contaminant
density because there is a higher probability that an impinging ion will encounter surface
impurities. This suggests sputtering currents and durations should not be reduced much
until most contaminants have been removed.
48
Figure 3.9: XPS spectra (right) related to a series of sputter-annealing cycles (left).
Three curves are shown in the spectra, from top to bottom: spectrum after the indicated
treatment, spectrum before the treatment and difference between the after and before
(higher values indicate increase in peak intensity after the treatment)
On figure 3.10, first we see on a) and c) that Ar implantation from sputtering seems
to happen considerably even for ion energies below 1.5 keV, and that the amount of
Ar removed by the corresponding annealings did not surpass the amount implanted in
sputterings, with a possible solution being 8.0 mA annealings until sputtering energies are
around 1 keV. Despite the sputtering on b) being expected to cause more Ar implantation
then the others shown in the figure, the 8.0 mA annealing seemed to be enough to reduce
the Ar peak. As to the other contaminants, often we observed little change, specially on
the N peak. The segregation of impurities from the bulk should change with treatment
[12], but that could not be observed in those spectra, so we must consider other sources
of contamination, external sources. The residual gas pressure to which the sample is
usually exposed is around 5 × 10−10 mbar, but exceptions are: during transfers between
experimental chambers, during annealing and during sputtering. At each treatment,
during the first annealing cycles the sample degassed more, usually getting the chamber
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pressure to the 1 × 10−8 mbar order of magnitude, but subsequent cycles lowered that
maximum pressure to values around 2 × 10−9 mbar. While that can be a cause for the
unchanging contamination spectra, we started with an analysis of air contamination in
the Ar gas lines, of which we had reasons to suspect and could explain the spectra because
the ion gun would accelerate contaminants towards the surface until the last annealing
before XPS measurements.
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Figure 3.10: Comparisons between XPS core-level spectra (right) before and after each
of three different substrate treatments. In each graph the top curve is from after the
treatments and the middle one from before, the last one being the difference “after”
minus “before”, such that an upwards curvature in that curve means an increase in peak
intensity after the treatment. All core-level spectra were normalized by dividing them by
the respective Cr 2p peak maximum intensity. Treatment cycles between “before” and
“after” spectra are shown on the left.
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To determine if the source of surface contaminants were impurities in the Ar gas used
in the sputtering the substrate was treated in another chamber connected to the same
UHV system. This chamber, named here MBE, also has sputtering and e-beam heating
facilities similar to the ones described in the methods section, but unlike the chamber
where most of the treatments were executed, this one is fitted with a mass spectrometer,
allowing us to check the purity of its gas source. Comparing the spectra on figure 3.11,
of which the middle (blue) curve is the spectra before introducing Ar in the chamber, the
peaks which have a significant increase are on masses 40, 36 and 20, corresponding to Ar
itself. A third curve is a spectrum of that chamber when the base pressure was lower than
the one during the Ar purity test. The small difference in the other contaminants peaks
when the Ar gas was introduced means it is probably clean enough to not be the source
of the impurities found by XPS.
Figure 3.11: Mass spectra comparing the composition of the gases in the chamber in
three occasions: when the pressure was at its lowest before the treatments (green, bottom
dashed curve), shortly before introducing the Ar gas (blue, middle dashed curve) and after
introducing 10−6 mbar of Ar (orange, continuous curve). Masses 40, 36 and 20 correspond
to Ar, other peaks did not seem to increase significantly with the Ar pressure.
In the MBE chamber we performed 6 cycles of sputtering and annealing (parameters in
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fig. 3.12) and chamber pressure during the last 3 annealings was lower than 3×10−9 while
the substrate was hot. The Cr(100) substrate was taken to the STM chamber and imaged,
then transferred back to the MBE chamber, 0.01 ML of Mn was deposited on it, it was
again imaged by STM and only then taken to the XPS chamber for analysis. During each
transfer between experimental chambers the sample spent a few minutes under pressures
around 2.5 × 10−9. We see these are important noting when comparing the XPS spectra
before that treatment and after (fig. 3.12), which show surface contamination very similar
to that from all the other treatments, suggesting the Ar gas in the STM chamber was
also reasonably pure, such that the source of impurities is either the Cr bulk as found in
the literature [12], or the residual gas to which the sample was exposed during transfers.
We tend to believe the latter since the N peak intensity did not change significantly even
after the strong annealing of figure 3.10 b). Since all spectra were taken after at least
one sputtering and annealing cycle and contaminant peak intensities had little variation
through all of them it is possible that even a single cycle of the ones performed in this
work made the contaminant concentration lower than the ones seen by XPS. If the surface
purity did not improve from subsequent treatments, their main effect may have been to
improve crystalline order.
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Figure 3.12: Comparison between XPS core-level spectra of selected contaminants before
and after the substrate treatment described in the tables to the left, which was done in
the MBE chamber. The “after” spectra were taken after Mn had been deposited on the
surface.
3.2 Mn deposition
3.2.1 First deposition - 0.5 monolayer
Initial substrate conditions
After one of the treatments, some of the STM images (fig. 3.13) revealed a surface
over which it would be possible to identify Mn structures if they were deposited.
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Figure 3.13: STM image of the Cr(100) surface (It = 50 pA, V = +2.0 V) before the Mn
deposition. The surface had impurities but far enough apart that we believed it would be
possible to distinguish impurities from the deposited Mn, and the steps were well enough
defined that eventual self-organization along them would be detectable.
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The STM image of figure 3.14 shows a higher resolution image from the same STM
session as the previous figure, fig. 3.13. We observed lines with periodicity compatible
with the expected for Cr(100) nearest-neighbor distance of 2.8 Å. The larger depressions
are less than an interlayer distance deep, so we believe those to be adsorbed molecules
or oxides. Patches of slightly darker regions are less than 10 pm lower than surrounding
regions and may be segregated atoms, which could even be physically higher than the
surrounding Cr regions but appear lower because of a smaller local density of states over
the contamination atoms.
Following the acquisition of the previous STM images, having seen regions where we
could distinguish deposited material from impurities, the substrate was taken to the MBE
chamber for Mn deposition.
Manganese deposition results
A rate of 0.64 ML/min had been calibrated with the quartz microbalance, so that
growth of 0.5 ML of Mn should take 47 seconds. That rate was achieved with an emission
current of 4.5 mA and high voltage of 1.5 kV. The MBE chamber pressure before heating
up the Mn evaporator was 6 × 10−10 mbar and 3.1 × 10−9 mbar during the deposition,
with the shutter opened. The sample was then promptly transferred to the STM chamber
for imaging.
Image 3.15 shows the Cr(100) substrate after deposition of roughly half of a monolayer
of Mn. The atoms seemed to form small clusters homogeneously distributed over the
terraces, not showing any spontaneous accumulation on step edges. That may be caused
by Mn nucleation happening preferentially on surface contaminants, which would pin the
clusters in place, or yet by a strong enough Mn-Cr bonding such that Mn surface diffusion
would be unfavorable at room temperature.
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Figure 3.14: STM image (It = 50 pA, V = +2.0 V) of Cr(100) surface with some con-
tamination (top) and line profile (bottom) of line indicated in the image. The periodic
corrugation shown corresponds to the Cr lattice parameter, with a very small height vari-
ation (∼20 pm) as expected for STM images of atoms on the same layer. Slightly darker
regions may be segregated N as seen in [12](fig. 2). The ∼1 nm large darker spots are
believed to be molecules adsorbed to the surface[14]
.
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Figure 3.15: STM image of Mn islands over the treated Cr(100) surface (It = 50 pA, V
= +2.0 V).
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As expected the Mn structures were easily identifiable, and were seen as small islands.
In fig. 3.16 the Mn particle heights and areas were estimated by drawing a mask over
a number of them and using the image treatment software to calculate the mean values
of those measurements, process exemplified in fig. 3.16 b. In this way we obtained an
average particle height of (3.6 ± 1.1) Å and area of (8 ± 6) nm2.
Figure 3.16: STM image of Mn deposited on Cr(100) (It = 70 pA, V = +1.0 V). (left)
unmasked image, already levelled so base surface is contained in a small interval of heights.
(right) Same image with enhanced contrast and some particles in the middle masked in
red.
In the day following the deposition of Mn on the Cr(100) substrate the sample was
imaged by STM again and we noted morphological changes on the surface. The corruga-
tion, including what we assume to be the Mn nanoislands, seems to oscillate around 1 Å
(fig. 3.17), which is significantly smaller than the day before. Some possible hypotheses
are room temperature diffusion of the Mn atoms along the surface, covering the spaces
between islands, and reaction of the Mn islands with the residual gas in the vacuum
chamber.
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Figure 3.17: STM image (It = 90 pA, V = +1.8 V) and profiles along indicated lines of
Cr(100) surface one day after deposition of around half a monolayer of Mn.
Figure 3.18 shows a monoatomic step edge (step height ∼ 1.5 Å) with an elevated line
following the edge. This is of particular interest, since it is a self-assembled nanowire,
but it’s composition and structure must be investigated. The protrusion is around 0.8 Å
higher than the upper terrace, which is higher than the usual protrusions on Cr step edges
(it is argued that the usual ones result from electronic structure changes at step edges
[13]). We can not assert the atoms on that step are Mn, however, since it was known
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that other elements were present on the surface. However, if high surface purity can be
achieved, that would be an easier distinction to make. From the apparent spontaneous
flattening the Mn clusters seemed more mobile than expected and we opted to remove
them from the substrate as soon as possible. To remove the first layers where Mn could
have eventually diffused we performed a 3 keV, 10 µA sputtering cycle lasting about 3
hours.
3.2.2 Second deposition - 0.07 monolayer
Initial substrate conditions
For a second deposition the preceding treatment was executed all on the MBE chamber
and the results of each cycle were monitored only by LEED. The treatment parameters
are shown in fig. 3.19 as well as two LEED images: one from before the first cycle and
one from after the last. Before the treatment the sample showed no diffraction spots for
energies equal to or below 85 eV, which started appearing since the first cycle and slowly
became sharper with subsequent cycles, the last cycle showing the sharpest.
After the last cycle and LEED from the previous figure we took the sample to the
STM chamber for imaging. Figure 3.20 shows an STM image with profiles along some
of the steps on it, some of which have ∼1.4 Å of height, as expected for the Cr atomic
steps (first and third steps on profile 2, the top profile in the figure) the others having up
to 4 times that height. This step bunching may be avoided by slowing the heating and
cooling ramps in the annealing treatments. The surface appears very flat with a number
of adsorbates and small defects such as in the STM image before the first deposition (fig.
3.13) but with a smaller concentration. A high resolution detail of that image can be seen
in the STM image of fig. 3.21 where the distance between adjacent bright spots is ∼2.9
nm, close to 0.2885, the Cr lattice parameter[15].
61
Figure 3.18: STM image (It = 50 pA, V = +1.8 V) (top) and profile along indicated
line (bottom) of Cr(100) after deposition of Mn. The profile highlights the presence
of an elevated line along the step edge, as we would like the Mn atoms to organize in
nanostructures.
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Figure 3.19: Description and characterization of substrate treatment before the second
Mn deposition. a) Table of treatment parameters for each cycle. b) LEED image from
before the first cycle from the table and c) after the last, both with electron beam energy
of 55 eV.
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Figure 3.20: a) STM image (It = 500 pA, V = + 500 mV) of the treated Cr substrate
surface as it was before depositing ∼0.01 monolayer of Mn. b) Profiles along the numbered
lines indicated in the STM image (a) with arrows indicating the steps believed to be
monoatomic.
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Figure 3.21: a) High resolution STM image (It = 500 pA, V = +50 mV) of treated Cr
surface before second Mn deposition. Distances between brighter spots is close to the Cr
lattice parameter. b) Profile along line indicated in the STM image above.
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Manganese deposition results
The Mn evaporator had been calibrated with the quartz microbalance to use a lower
growth rate than before. The calibrated rate was 0.07 ML/min for an e-beam emission
current of 2.5 mA and high voltage of 2.0 kV. The base pressure before the deposition
was 6 × 10−10 mbar, reaching 1.1 × 10−9 mbar after opening the evaporator shutter. The
shutter was kept open for around one minute, giving a coverage of approximately 0.07
ML of Mn. Figure 3.22 shows a 250 x 250 nm2 STM image of the Cr surface after
the Mn deposition with its terraces visibly populated by several clusters. The image was
flattened to improve contrast between particles and terraces.
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Figure 3.22: Flattened STM image (It = 400 pA, V = + 300 mV) of Cr surface after
deposition of 0.07 ML of Mn. Terraces were brought to about the same height, therefore
making atomic steps appear as raised lines and improving the contrast between nanopar-
ticles and terraces.
An XPS spectrum showing the Mn 2p3/2 core-level after that deposition can be seen in
figure 3.23. The inset would include the 2p1/2 peak as well, but it is undetectable in that
spectrum since it is smaller than the Mn 2p3/2. After correcting the instrumental energy
shift based on the Cr 2p3/2 peak the Mn 2p3/2 peak center was in a binding energy of
641 eV, to be compared to the expected 639 eV. This could mean the Mn is oxidized.
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Figure 3.23: XPS survey spectra of the sample after deposition of 0.07 ML of Mn. The
inset shows a more detailed spectrum around the Mn 2p3/2 core-level peak. A survey
where the Mn doesn’t show can be seen on fig. 3.8 of sec. 3.1.3
We carried out systematic imaging of adjacent 50x50 nm2 regions over three larger
regions at least 500 nm apart and marked the particles with a mask in an image treatment
software for a total of 21 different 50x50 nm2 (512x512 px2) images and 1538 distinct
masked particles, one such image shown as an example in fig. 3.24. The particles were
marked following the same procedure for each image: applying a Gaussian filter with a
5 pixel radius, subtracting a background consisting of features with a radius over 6 nm,
marking grains by a height threshold adapted for each image, filtering off the largest grains
until most of the steps, which appear raised by the background subtraction flattening,
were unmasked. This masking was appropriate for particle area statistics, but their height
was not as easy to measure in that way, so we manually traced profiles over a number of
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particles passing through their maximum height and found this value rarely surpassed 3
Å, making this our estimate for the maximum particle height for this growth.
The area distribution of the masked particles is shown in fig. 3.25 and reveals a large
amount of smaller particles, having a mean value of 3.6 nm2 with a sample standard
deviation of 4 nm2.
In each 50x50 nm2 STM image, dividing the total masked area by the total image area
gives a coverage value to be compared to the quartz microbalance calibration of 7% (0.07
ML). Averaging the coverage obtained from each image we obtained a value of 14%, with
a standard deviation of 3%.
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Figure 3.24: STM image with(bottom) and without (top) mask over nanoparticles, illus-
trating the procedure followed to obtain the nanoparticle area distribution. The procedure
consisted of: filtering, flattening, marking by threshold and filtering out grains that were
too big.
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Figure 3.25: Projected area distribution for marked particles along 21 50x50 nm2 regions




In this work we succeeded in cleaning and recrystalizing the surface of a Cr(100) sin-
gle crystal substrate through sputtering and annealing cycles while also analyzing their
effects through STM, LEED and XPS. The results were seen to depend on the surface’s
initial conditions, such as roughness, homogeneity and cleanliness and the treatment may
have produced better surface purity than seen by XPS because transferring from chamber
to chamber the sample is exposed to pressures between 10−9 and 10−8 mbar for several
minutes. From the small variation in contaminant peak intensities even for very different
treatments we infer that even a single sputter-annealing cycle may be sufficient to signifi-
cantly clean the surface, subsequent ones mostly improving crystalline order. With STM
we observed some structural changes on the substrate along the treatments, in particular,
large clusters of contaminants present in the first treatments done on the substrate were
broken down by the first sputtering cycles and soft annealings seemed to coalesce them
again. The optimization of sputtering and annealing parameters resulted in the treatment
described in table 4.1.
72
Sputtering Annealing
E (keV) Is µA time (min) Ie mA T (
◦C) time (min)
2.0 2.4 40 6.2 750 30
1.5 1.5 30 6.2 740 30
1.0 1.0 30 6.1 690 30
0.8 1.0 30 5.6 680 30
1.0 1.1 30 5.4 620 20
0.8 1.25 30 5.2 600 20
Table 4.1: List of parameters successfully used to clean and recrystallize the Cr(100)
substrate before depositing Mn. The e-beam high voltage was 1 kV for all the annealings
listed.
We have studied the morphology of nanostructures resulting of the deposition of Mn
at room temperature on the clean surface and described the Mn islands formed for two
different coverages: roughly 0.5 monolayer and 0.1 monolayer. For the 0.5 monolayer we
observed Mn nanoislands with circa 10 nm2, most having heights between 2.8 and 5 Å.
The 0.1 monolayer resulted in smaller nanoislands, having an average area of 3.6 nm2
with standard deviation of 4 nm2 and apparent heights smaller than 3 Å.
Given that in this Master we succeeded to attain our objective of growing nanometric
Mn particles on Cr(100), one could anticipate for the long term continuation of this
work a study of the nanostructures through more long-range techniques on the future
synchrotron SIRIUS. Certainly ARPES in the new IPE beamline, with its submicrometric
beam size, and ultra-high energy resolution allows us to envisage the determination of the
electronic structure of the Mn nanostructures, using photons with the energy tuned to
the Mn absorption edges. This could disentangle the contribution of Mn from that of the
substrate to the electronic properties of the system.
Also, SIRIUS will allow one to use surface X-ray diffraction and scattering to inves-
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tigate the crystalline properties and morphology of the nanostructure on a larger area,
averaging several of them. This has the potential to complement the atomic characteri-
zation usually obtained with standard microscopies like STM.
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